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ABSTRACT
Hydrogen peroxide and chlorine detection is critical for many biological and
environmental applications. Hydrogen peroxide plays important roles in a variety of fields
including plant physiology, medical, environmental and biochemical applications. Its role in
plant defense and signal transduction, diseases such as Parkinson’s and Alzhemier’s, industrial
processes such as disinfection and wastewater treatment and biochemical enzymatic reactions is
critical. Given the gamut of areas that hydrogen peroxide is a key component of; its detection
assumes great importance. Similarly, chlorine has long been used as a disinfectant for making
drinking water safe, but excessive chlorination is an environmental and health hazard in itself. In
this work, micromachining techniques have been used to design, fabricate and test
electrochemical sensors and microneedle structure that can be integrated for detection of
hydrogen peroxide and free chlorine. A novel nanomaterial has been integrated with the
hydrogen peroxide microsensor, which greatly increases the sensor lifetime and robustness.
Miniaturization, low detection limits, high sensitivity and selectivity, as well as ease of
fabrication are some of the other advantages of this work.
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CHAPTER ONE: BACKGROUND
1.1 Motivation
1.1.1 H2O2 Detection
Hydrogen peroxide (H2O2) detection has assumed great significance in recent years,
largely due to its role in cell biology for defense mechanisms against pathogens [1]. H2O2
released by various environmental and developmental stimuli, can act as a signaling molecule
that regulates cell development, stress adaptation and programmed cell death [2]. In addition,
hydrogen peroxide sensing is critical in biomedical and environmental applications. Hydrogen
peroxide is of much importance due to its role in oxidative stress development, which is one of
the reasons for age-related disorders like Alzheimer’s and Parkinson’s disease.
Ever since aerobic respiration caused an increase in partial pressure of oxygen in the
atmosphere around 2.5 billion years ago [3], organisms have adapted to detoxify the reactive
oxygen species produced as byproducts of metabolism or as product of environmental stress; by
sensing the presence of reactive oxygen species and activating specific signal transduction
pathways in response. Many organisms have also harnessed reactive oxygen species for use as
signaling and defense molecules. Both plants and animals produce reactive oxygen species as a
response to pathogen attack. Hydrogen peroxide is one of the abundant forms of reactive oxygen.
Transfer of a single electron often catalyzed by metals such as Fe and Cu, to O2 forms the superoxide radical, O2-. . O2-., disproportionate in aqueous solutions, to form hydrogen peroxide.
Further disassociation of H2O2 can form extremely reactive hydroxyl free radicals (OH·) [4]. It is
one of the various bio-chemicals formed during the life of the cell, which can produce such free
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radicals. Free radicals attack several cellular bodies causing their dysfunction and eventually
death of the cell [5].
Oxidative stress is a special challenge in plant physiology. H2O2, and O2-. are released as
part of the plant disease response in recognition of a specific pathogen elicitor. The reactive
oxygen species may act directly to kill pathogens; they also induce several responses in the plant
including cell wall protein cross linking, programmed cell death and expression of defense genes
in surrounding area [1]. For example, in lettuce cells undergoing programmed cell death, H2O2
accumulates within the cell wall proximal to attached Pseudomonas syringae [6]. Reactive
oxygen intermediates can indicate the presence of pathogens by following mechanisms: (a)
restrict pathogens by strengthening cell walls through oxidative cross linking [7] (b) by directly
attacking pathogens [8] and (c) by acting as signaling molecules to induce defense responses
such as rapid hypersensitive cell death (programmed cell death) [9, 10]
Programmed cell death prevents pathogens from spreading from the site of entry. Figure
1.1 shows the corresponding increase in H2O2 production and eventual programmed cell death of
a tobacco leaf upon polyamine infiltration [11].

Figure 1.1: Induction of cell death and generation of hydrogen peroxide by polyamines.A: Infiltration of
chemicals. Indicated polyamines at the concentration of 10 mM were infiltrated into a healthy tobacco leaf.
As the control, water was also infiltrated (Water). Tested samples were putrescine (Put), spermidine (Spd),
and spermine (Spm). B: Cell collapse at infiltration sites. Photograph was taken 48 h after infiltration. C:
Detection of hydrogen peroxide. 3,3_-Diaminobenzidine (DAB) solution was infiltrated 6 h after the first
infiltration and incubated for further 6 h. Sample leaf was briefly boiled in ethanol and observed for
hydrogen peroxide, which is seen as reddish-brown color [11].

2

H2O2 production also increases as an indicator of nutrient deprivation in plants. Figure
1.2 shows the increase in concentration of hydrogen peroxide as a result of specific nutrient
deprivation [12].

Figure 1.2: Arabidopsis root H2O2 production after 6 hour nutrient deprivation: “C”-No deprivation, “K”Potassium deprivation, “N”-Nitrogen deprivation and “P”-Phosphorus deprivation[12].

Figure 1.3 shows the result of localization of reactive oxygen species, specifically H2O2
in two variants of Arabidopsis root as a result of nutrient deprivation. The roots were incubated
with 50 µM CM-H2DCFDA. As can be observed, hydrogen peroxide increase is directly acting
as a plant stress indicator in this scenario.
Oxidative burst caused by H2O2 also causes DNA damage, lipid per-oxidation and
protein oxidization. Protein oxidization happens through a sequence of reactions including, side
chain alterations and backbone cleavage. It disrupts the protein structure, causing denaturation,
aggregation, and susceptibility to degradation [13]. It also causes increased frequencies of
mutations and illegitimate recombination in purple photosynthetic bacteria [14].
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Figure 1.3: Red fluorescence overlays of bright-field root images of Col-0 and WS variants of the Arabidopsis
root: Under nutrition-sufficient (A, B) and deficient (C-H) conditions. C, D correspond to potassium, E, F to
Nitrogen and G,H to Phosphorus deprivation respectively [14].

Lipid per-oxidation can result in membrane damage. Thus, the reactive oxygen species cause
damage to all parts of the cell.
In light of the critical effects of H2O2 in various processes associated with plant
physiology, its accurate measurement acquires significant value. It is also imperative to
determine H2O2 in chemical and industrial processes such as disinfection and wastewater
treatment, and as an intermediate product in biochemical enzymatic reactions; such as glucose
and lactate determinations [15].
1.1.2 Chlorine Detection
Accepted potable water quality has changed dramatically over the course of last three
decades, due to enhanced regulation of pathogens and disinfection by-products: for example,
4

Surface Water Treatment Rule and Disinfection By-Product Rule [16]. Consequently, new
treatment technology and reliable analytical techniques are required to meet this challenge. In the
United States, chlorination has been the technique primarily employed to control water borne
diseases. Chlorination is an essential part of typical drinking water treatment processes to prevent
bacterial proliferation in the water distribution systems. The use of chlorine for disinfection of
pathogens, however, requires caution since it also reacts with organics and forms disinfection byproducts (DBPs). As a general guideline, drinking water should contain 2- to 3-ppm chlorine
throughout an automated watering system [17]. Regulated carcinogenic DBPs formed during
chlorination include trihalomethanes and haloacetic acids. Municipal potable water supplies are
usually chlorinated to provide a residual concentration of 0.5 to 2.0 ppm. As stated, the major
complication that arises in the control of microorganisms is the formation of by-products during
the disinfection process. Chlorination by-products are chemicals that result from the reaction of
chlorine with organic substances in water. Trihalomethanes (THMs) refer to one class of
disinfection by-products found in nearly every chlorinated public water supply. The highest
levels are found in surface water supplies that have higher levels of naturally occurring organic
contaminants.

The most prevalent is chloroform (trichloromethane), a THM which is

carcinogenic to rats and mice. Table 1.1 lists the concentration of typical DBPs found in
chlorinated drinking water.

5

Table 1.1 Common DBPs and their concentration in drinking water systems[18]

By-product
Chloroform
Bromodichloromethane
Chlorodibromomethane
Bromoform
Chloroacetic Acid
Dichloroacetic Acid
Trichloroacetic Acid
Dichloroacetonitrile

Concentrations found in chlorinated waters
Range 0.7-540 µg/L, Mean 26.4 µg/L
Range 0.7-540 µg/L, Mean 26.4 µg/L
Range 0.7-540 µg/L, Mean 26.4 µg/L
Range 0.7-540 µg/L, Mean 26.4 µg/L
Range 0.7-540 µg/L, Mean 26.4 µg/L
Range 0.7-540 µg/L, Mean 26.4 µg/L
Range 0.7-540 µg/L, Mean 26.4 µg/L
Range 0.7-540 µg/L, Mean 26.4 µg/L

Many of these DBPs can have adverse effects on health, including cancer in laboratory
animals. Excessive chlorination also adds odor and taste to drinking water. Table 1.2
summarizes the health effects of some chlorination by-products. Therefore, their concentrations
are strictly regulated.

Table 1.2 Detrimental health effects of various disinfection by-products formed as a result of chlorination[17,
18].

By-product
Chloroform
Bromodichloromethane
Chlorodibromomethane
Bromoform
Chloroacetic Acid
Dichloroacetic Acid
Trichloroacetic Acid
Dichloroacetonitrile

Health Effects
Animal carcinogen that can induce liver tumors
in mice and in kidneys in rats
Produces liver and kidney damage in both mice
and rats. Producing renal, liver and intestinal
tumors
Produces liver and kidney damage in both mice
and rats. Induces tumors in the liver of mice
Low incidence of intestinal tumors in rats
Neurological effects in animals. No increased
tumors
Major toxicities are damage to the nervous
system and liver. Induces liver tumors in mice
Potent inducer of liver tumors in male mice
No specific toxicological effects reported. Only
non-specific effects on body weight and some
organ weights and some reproductive effects.
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In determining regulatory limits in drinking water, the EPA performs risk assessments
using conservative safety factors. The current regulatory limit for total combined trihalomethanes
in water is 0.1 mg/L (ppm). In the 1994 Proposed Rule for Disinfectants and Disinfection ByProducts, the total combined THMs cannot exceed 0.08 mg/L [18]. Another issue with excessive
chlorination is that it corrodes even stainless steel. It is also a problem with many elastomeric
materials commonly used as seals, diaphragms, and o-rings in plumbing systems. When it comes
to material compatibility, less chlorine is better [18].
Finally, on the flip-side chlorine may be used up reacting with organic matter and other
oxidizable contaminants in the supply water and within the piping distribution system. The
stability of chlorine depends on the quality of water supply and on the size and condition of the
automated watering system. The chlorine demand of water is defined as the difference between
the amount of chlorine injected into the water and the amount of chlorine remaining at the end of
a specified contact period, typically 20 minutes. Because it contains less chemical contaminants,
the chlorine demand of reverse osmosis (RO) purified water is less than that of tap water. Thus,
less chlorine needs to be injected into purified water to maintain the required residual
concentration. An older automated watering system with accumulated biofilm inside the piping
will have a higher chlorine demand than newly installed pipe and will require more chlorine
injection, at least initially [18]. It is clear that monitoring of free chlorine is very crucial to ensure
the optimum chlorination dosage.
1.2 Electrochemical Sensing
Electrochemical sensing has traditionally been a very effective tool for the detection of
reduction/oxidation active species. The sensors provide reliable information about chemical
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composition of surrounding environment. The sensing device consists of a transduction element
covered with a biological or chemical recognition layer. The interaction between the analyte and

Transducer

Target
Analyte

Recognition
Layer

recognition layer is responsible for generation of electrical signal as shown in figure 1.4.

Signal

Figure 1.4: Revised schematic showing mechanism of electrochemical detection [19].

Two main types of electrochemical sensors are based on amperometric and
potentiometric electrodes. Amperometric electrodes rely on signal transduction by controlling
the potential of the working electrode at a fixed value (relative to a reference electrode) and
monitoring the current as a function of time. The applied potential serves as the driving force for
the electron transfer reaction of the electroactive species. Potentiometric sensors on the other
hand rely on analytical information extracted by the recognition of a potential signal proportional
in a logarithmic fashion to the concentration and/or activity of the specie generated or consumed.
Although potentiometric sensors have been popular for field operations, more and more
newer designs are amperometric in nature. Reason for this is higher sensitivity of amperometric
sensors and faster response times [19].
1.2.1 H2O2 Detection: Proposed Methodology vis-à-vis Previous Efforts
Many methods such as titrimetry, UV-VIS spectrophotometry and electrochemistry have
been developed for the purpose of H2O2 detection [20-22]. Among these methods, the
8

amperometric chemical and biosensors based on the direct electron transfer between an electrode
and the immobilized enzyme/protein are relatively promising because of their simplicity and
high sensitivity. However, most of the hydrogen peroxide sensors rely on enzyme. For example,
horseradish peroxidase (HRP) and a prototypical hemeprotein peroxidase (FW ca. 44000) are the
most widely used enzymes for analytical purposes and biosensors [23-30]. This technique has
good sensitivity and accuracy, but at the same time, they suffer from some shortcomings. In the
case of the covalent binding of enzymes to solid surfaces like membranes or other solid supports,
the procedure needs several steps for the preparation of an adequate functional group on the solid
support, and the enzymatic activity decreases to some extent during the covalent cross-linking of
the enzyme with mediator [30]. Incorporation of enzyme within electropolymerized polymers or
carbon paste, causes a large portion of enzyme not to be utilized, and waste of expensive
biocatalyst. Moreover, the substrate electrodes used in above biosensors are not convenient for
automation and miniaturization. Another problem with enzyme-based sensors is short shelf life
and susceptibility to contamination [31, 32].
Anh et al proposed a potentiometric sensor based on a FET structure [15]. Sensor has a
redox active gate contact such as Os-Polyvinylpyridine (Os-PVP) containing the enzyme,
horseradish peroxidase (HRP) which has a high sensitivity to H2O2. Sensor measures H2O2
concentration by way of change in the work function of electroactive gate of the FET due to its
redox reaction with H2O2. A “constant current potentiometric technique” is utilized for
measurement. This sensor bypasses the impositions placed by “nernst equation” on sensitivity by
applying a small DC current between the redox material and solution, thereby influencing the
work function of the redox material. Although, this design is better in terms of sensitivity as
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compared to traditional purely potentiometric sensors, its fabrication steps are complex and the
sensor structure must be constructed upon a semiconductor substrate.
In this work, a novel nanomaterial, Cerium Oxide (Ceria) will be deposited on top of the working
electrode of a 3-terminal amperometric sensor to utilize the unique properties of ceria: (a) it is
regenerative in nature and improves sensor lifetime drastically (b) it is easy to prepare with a
special sol/gel based micro emulsion process (c) inorganic material has a longer lifetime once
deposited unlike the peroxide complex (d) nanoceria particles potentially act as free radical
scavengers which could explain the property of H2O2 sensing (e) this property also has
ramifications for sensing other super-oxide radicals.
1.2.2 Hypothesis for Nanoceria based electrochemical sensor
A. Cerium Oxide Nanoparticles
Non-agglomerated cerium oxide nanoparticles with a uniform particle size of 2-5nm were
synthesized using water-in-oil microemulsion technique as shown in figure 1.5. The nanosized
micelles act as nanoreactors for nanoparticle formation. The microemulsion system consisted of
the surfactant, sodium bis (2-ethylhexyl) sulphosuccinate (AOT), toluene and water.

Figure 1.5: Nanoparticle synthesis using reverse micelle process[33].
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Details of the synthesis are published elsewhere [34]. Nanosized reverse micelles control
the particle size and agglomeration. The nanocrystalline ceria sensor senses the free radicals
through surface chemical and complexation reactions. Figure 1.6 shows a HRTEM image of
nanocrystalline ceria particles. Cerium oxide nanoparticles prepared by the microemulsion
process results in ultra fine, non-agglomerated particles in the range of 2-5 nm as shown in the
HRTEM image [34].

Figure 1.6: HRTEM image of nanoceria particles [34].

The XPS spectrum shown in figure 1.7 corroborates the presence of a mixed valence state
(Ce3+ and Ce4+) for the synthesized Cerium oxide nanoparticles. This is verified by comparing
other published results [35].
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Figure 1.7: Ce (3d) XPS spectrum of synthesized Cerium oxide nanoparticles showing the presence of both
Ce3+ and Ce4+ valence states[35].

B. Nanoceria based H2O2 detection
The Ce3+ ions present in the nanocrystalline ceria can be converted to Ce4+ by hydroxyl
free radicals in the hydrogen peroxide solution to give an electrochemical signal. But, due to
various surface chemical reactions, the Ce4+ ions again go back to Ce3+ valence state. Following
reactions are used to describe the chemistry of hydrogen peroxide with cerium oxide
nanoparticles:

2Ce 3+ + 2(OH ) − + H 2O2 → 2Ce(OH ) 22+ K (1)
Ce(OH ) 22+ + 2(OH ) − → CeO2 + 2 H 2 O K (2)
1.3 Free Chlorine Detection
To ensure the safety of public health, it is very important to accurately and effectively
monitor chlorine residuals during the treatment and transport of drinking water. HACH DR/4000
Spectrophotometer and DPD (N, N-diethyl-p-phenylenediamine) ferrous titrimetric method are
the standard methods used for measuring free chlorine [36, 37]. These methods are not portable
12

and require expensive instrumentation. Several alternative methods have been suggested. One
approach is based on optical detection using differential absorption spectroscopy [38]. This
method requires UV or laser light sources and complicated instrumentation. In this work,
electrochemical sensing principle, more specifically, amperometry has been employed for a
simple sensor structure and good sensitivity [39]. Although different types of disposable
electrochemical microsensors have been studied [40, 41], most of them are paper-based, dip-type
sensors.

They have limitations in lifetime and on-line measurement. A miniaturized

amperometric flow-through sensor for residual chlorine measurement has been studied [42].
Their sensor cell consists of protruded electrodes on silicon and a glass cover, which requires
relatively, complicated fabrication process. In comparison, in this work, the microsensor has
been developed for a plug-type insertion scheme. The design was tested on silicon but can easily
be replicated on cost-effective rugged cyclic olefin copolymer (COC) substrate [43]. In addition,
optical transparency can be utilized for integration of optical detection, if necessary.

For

improved linearity over wide range of chlorine concentration, three-electrode configuration has
been selected [44]. The developed plug-in type microsensor has distinct advantages including:
(a) It has been tested in the sample ranges in the same vicinity as the typical dosage
prescribed in water treatment processes
(b) reproducible process across a variety of substrates including silicon and transparent
polymer (COC)
(c) low detection limit
(d) planar microelectrode structure that can be easily integrated
(e) continuous on-line monitoring in the pipeline during water transportation.
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CHAPTER TWO: SENSOR: DESIGN, FABRICATION AND
CHARACTERIZATION
A nanoparticle-based microsensor was fabricated, tested and characterized for hydrogen
peroxide detection. A 3-terminal amperometric sensor consisting of a cerium oxide covered
working electrode, an Ag/AgCl reference electrode and a gold counter electrode on a glass
substrate was designed for the hydrogen peroxide measurement. The 3-terminal design approach
ensures greater linearity in sensor response. The configuration acts like an electrochemical cell
that consists of three electrodes: working, counter and reference. The three terminals are
connected to a potentiostat, which allows the potential difference between the reference and
working electrode to be controlled with minimum interference from IR (ohmic) drop. The
current flowing through the reference electrode can also be minimized [11, 45]. Ceria coated
working electrode is involved in the detection of hydrogen peroxide as shown in equation (1) and
(2). Hydrogen peroxide is reduced at the working electrode and the current flow, which
corresponds directly to the flow of hydroxyl ions, is used as an indicator of the sample
concentration. Glass was chosen as the substrate material since polymer based transparent
substrates like PMMA (polymethyl-methlacrylate) and PC (polycarbonate) tend to react with
toluene, which is used in nanoceria precursor. Glass substrates are optically transparent, easy to
handle, inexpensive and rigid.
In addition to the sensor device for H2O2 detection; a microsensor for detection of free
chlorine in water was also designed, fabricated and tested. The electrochemical sensor also
comprised of an amperometric, 3-electrode design, which can be replicated on a variety of
substrates including silicon and polymer (COC). The sensor was designed for a plug-type
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insertion scheme, which can be directly employed in on-line monitoring at drinking water
treatment facilities.
2.1 Sensor Design
2.1.1 Hydrogen Peroxide Sensor
A. Dip-Type Sensor
The initial design was conducted as a proof of concept. To verify different test
geometries, 2-terminal, 3-terminal and finger-type electrodes were designed. Based upon the
signal to noise ratio and strength of the transduction signal a 3-terminal design was chosen. It
also ensured greater linearity on a wider scale of measurement as well as faster response time.
Following design considerations were made: (a) Ensuring a large working electrode area for
adequate nanoceria deposition (b) easy access of the working electrode to both the reference and
counter electrodes (c) small gap between the electrodes to reduce any ohmic resistance drops in
the solution and increase the signal to noise ratio. Large working electrode area is critical to
ensure the application of optimum amount of nanoceria, for the radical scavenging action, which
is critical to sensor operation. To provide equal access to the working electrode, which interacts
with both the reference and counter electrodes, the counter and reference were designed as
equidistant crescent shaped structures.
The dip type sensor requires increased electrode length to ensure proper metal/solution
interface, while allowing insulation for the contact pads. Figure 2.1 shows a schematic
representation of the selected electrode design.
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abc
Figure 2.1: Crescent shaped counter “a” and reference “c” electrodes surrounding the larger circular
working electrode “b”

B. Needle-Type Sensor
In the second phase, the 3-terminal based design was scaled down. The main motivation
for scaling down the design was to integrate the sensor with a microneedle structure. The
microneedle was fabricated separately and can be combined as a sample extraction unit. This
assembly is useful for testing in environments where sample extraction and measurement are
needed in real time. This design has advantages such as small sample volume requirement and
prevention of contamination during the sample transportation.
2.1.2 Free Chlorine Sensor
A ring type 3-electrode configuration was chosen for amperometric sensing of free
chlorine in water samples. Working and counter electrodes were made with Au. Ag/AgCl on top
of gold was used for the reference electrode. Figure 2.2 shows the dimensions of the electrodes.
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a

b
c

d

e

Figure 2.2: Schematic representation showing free chlorine sensor dimensions (µm): a=400, b=100, c=350,
d=400 and e=250. a, c and e correspond to the dimensions of RE, WE and CE respectively.

Figure 2.3 shows a schematic representation of the plug in type free chlorine sensor. The
long electrodes provide the flexibility to include the sensor in a enclosed resin-based package, so
that it can be inserted for measurements for on-line monitoring.

Counter
Electrode

Reference
Electrode

W orking
Electrode

Contact Pads

(a)

(b)

Figure 2.3: (a) Schematic representation of the free chlorine sensor (b) Packaged plug type sensor
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The plug-type sensor is enclosed in the package, which is designed to only expose the
active sensing area to the test solution. The package with the resin jacket is then inserted in a
standard plastic T - shaped connector, which can be employed in a transportation line. The
contact pads are connected to standard electrical connectors. Figure 2.4 shows the sensor
insertion scheme.

Figure 2.4: Dip-type plug in sensor inserted in a sample transportation line

2.1.3 Microneedle
A microneedle structure was designed for sample extraction and flow of the buffer
solution to the active sensing area on the electrode surface. The microneedle is a stand-alone
structure, which can be integrated with the H2O2 and free chlorine sensor. A 2-step glass etching
process on a 175 µm thick pyrex glass slide was used to form 30 µm wide opening on a glass
base structure. The base with the micro channel was released after a complete etch through the
glass slide. Taper angle of 30 degrees was used at the needle tip. The long slender micro
channels could be used to prick and retrieve samples from the desired test location.
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A. Bending and Buckling of the Microneedle
Stress simulations were conducted to observe the effects of bending and buckling of the
microneedle structure under the influence of contact force when the microneedle punctures a
surface. A contact force of 0.081 N was used for the simulations. This value was observed from
literature survey, where a microneedle was fabricated to puncture organic tissue [46].
To accomplish this, finite element analysis (FEA) was performed on the conceptual
design for our micro-needle. The first FEA models were developed with regards to maximum
stresses given silicon as the fabrication material and a theoretical arbitrary geometry. The results
were also compared with glass. Figure 2.5 depicts the effects of stress and locations with
varying amounts of bending and buckling on the microneedle structure. The stress concentrations
increase from low in blue to high stress in red.

(a)

(b)

Figure 2.5: Effects of stress on the microneedle structure causing (a) transverse bending (b) lateral bending
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The highest stress areas in red must be within the failure strength of our material. The
structural failure from the insertion and the repeated use can be prevented by the optimum choice
of geometry and dimension.

Upon investigating various fabrication techniques and sensor

layout, to ensure the robustness of the microneedle structure; the geometry was redesigned by
decreasing the length to width ratio. The following figures are color-coded Finite Element
Analysis results with regards to buckling simulations for the redesigned geometry:

Figure 2.6: Buckling Effect due to stress on the selected microneedle structure.

The highest stress areas in red are within the buckling failure of glass (E=84.93 GPa) or
silicon (E=168.9 GPa). In these color-coded simulation results, the lowest deflection is blue
while high deflection is red. These deformations are greatly exaggerated for better visual
inspection. The actual deflection, which leads to failure, is assumed 100 µm.
B. Microneedle Geometry
From the simulations it was clear that the stress was highest around the base of the
microneedle. For the most stable microneedle structure, length should be at most ten times the
width, but the structure is still prone to fracture around the base. To circumvent this, the
microneedle length to width ratio was kept around 4:1. Also the width of the microneedle is 465
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µm while the microchannel is just 30 µm in length. This provides margin on both sides in case of
isotropic lateral under-etching, when a through etch of 175 µm through the glass thickness is
performed. Also to negate the accumulation of stress near the needle base, the needle was
designed to have a wider curved base structure as shown in figure 2.7
Microneedle
1965µm
Microchannel
465µm

30µm
Sample Reservoir
7150µm
7530µm

2710µm

Air Release Pocket

Alignment Mark

12425µm

Figure 2.7 : Microneedle structure with dimensions

2.2 Fabrication
The design was conceptualized using an AutoCAD based mask generation process. A
combination of photolithography, wet etching, electroplating and nanomaterial synthesis
techniques (for hydrogen peroxide sensor only) was employed for the hydrogen peroxide
microsensor fabrication. Successive etching on a standard 175 µm thick, pyrex glass slide was
conducted for the sampling microneedle structure fabrication. The details for the respective
fabrication methods employed are given below.
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2.2.1 Hydrogen Peroxide Sensor
E-beam deposition is used to form metallic films of Cr/Au on a 3-inch glass wafer. After
electroplating with Cy-less silver electroplating solution (Technic, Inc), chlorination of Ag is
done with a 0.1 M KCl solution using a photolithographically patterned mold. This defines the
Ag/AgCl reference electrode. An additional lithography and wet etching process step generates
Au working and counter electrodes. Nano-ceria sol was deposited on the working electrode by
micro-spotting and dried at 150°C. Figure 2.8 shows the detailed fabrication process used to
produce the sensor. A wafer scale view of the fabricated device is shown in figure 2.9. On the
edge of the working electrode nanoceria particles are observed as shown in figure 2.10.
RE
Ag

CE
Ag

WE

Gold
COC
(d)
RE
Ag

CE
Ag

WE

Gold
COC
(c)
AgCl (RE)
Photoresist

Ag

Gold
COC
(b)
Gold
COC
(a)

Figure 2.8: Cross Sectional view of the H2O2 Sensor fabrication steps: (a) E-beam deposited gold layer (b)
Ag/AgCl reference electrode formed using electroplating and chlorination (c) Patterned working and counter
electrode (d) Nano-ceria particles deposited on top of the WE using microspotting.
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Figure 2.9 : Wafer-level view of microsensors for H2O2 detection.

Figure 2.10: Deposited nanoceria particles observed on the edge of the working electrode

2.2.2 Free Chlorine Sensor
For the sensor layer, a 3” silicon wafer coated with Au (2000Å) by electron beam evaporation
was used as the substrate. First step was to obtain the reference electrode (Ag/AgCl). This is
accomplished by electroplating and chlorination process. The steps involved in fabricating
reference electrode are:
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• Au coating on COC wafer by electron beam evaporation. Au thickness of around 2000 Å is
obtained.
• Photoresist Shipley 1813 was spin coated. The wafer was spun for 30 sec @ 3000 rpm.
• The wafer was then soft baked for 1min @ 100° C.
• Photoresist was exposed using a mask aligner. The exposure time was 10 sec.
• The wafer was then hard baked for 3 min @ 100° C.
• CD26 was used to develop the wafer. The developing time was about 45 sec.
• Ag was electroplated over the open Au seed layer at a current density of 5 mA/cm2. For the
device, a current of 30 mA was driven for 30sec. 3 µm thick Ag was electroplated.
• The electroplated Ag is then chlorinated using 0.1 M KCl solution under the same condition as
electroplating but with reversed polarity. Approximately 1µm of AgCl was grown on Ag.
• Photoresist is stripped with acetone, methanol and then rinsed with DI water before drying.
• Photoresist processing and mask alignment is performed again to develop a photoresist pattern
defining the working and counter electrodes
• The Au is then etched leaving behind the required pattern to obtain the electrode structures.
Figure 2.11 illustrates the fabrication steps.
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Gold
COC
(a)
Ag

Photoresist
Gold
COC

(b)

AgCl (RE)
Photoresist

Ag

Gold
COC
(c)
AgCl (RE)
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CE

Gold

WE

COC
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Figure 2.11: Fabrication steps for the Chlorine sensor: (a) Au deposition. (b) Photolithography and Ag
electroplating. (c) Chlorination and photoresist stripping. (d) Au etching.

2.2.3 Microneedle
Microneedle structure was fabricated separately from the sensor structure. This was done to
increase the modularity of the packaged device as well as for ease of fabrication. The
microneedle structure is employed as it has several advantages: (a) it allows ease of sample
extraction and collection directly from the source. (b) sample environment is not compromised or
contaminated, as the sample can be tested in its natural state without transporting it (c) it allows
testing for low sample volume with integrated sample reservoir.
Microneedle was fabricated using a 175 µm thick pyrex glass slide. The final structure
was obtained in a two-step etching process. Initially, the glass slide was coated with thick AZ
4903 positive photoresist. The photoresist was patterned using a mask for microchannel
fabrication. The microchannel was etched through the glass using a mixture of hydrofluoric (HF)
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and sulphuric (H2SO4) acid solution. The solution contained 0.8% HF and 32% H2SO4 by
volume. Etch rate was observed to be close to 0.1 µm/minute. It should be noted though, that the
etching solution is very sensitive to temperature. If it is heated close to 40°C the etch rate goes
up to 0.5 µm/minute. After the microchannel etching, a second mask, which defined the
microneedle structure was patterned and etched to release the microneedle from the glass slide.
Figure 2.12 shows the fabrication steps.

A

A’
A

A’

Figure 2.12: Two-step glass etching of pyrex glass slide to form the microchannel with reservoir followed by
the microneedle structure.

The fabricated microneedle structure is shown in figure 2.13.

Figure 2.13: Fabricated microneedle structure showing the channel and the reservoir
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The microneedle is bonded with the sensor electrodes, which are patterned on another 25
mm X 25 mm borosilicate glass slide. The electrode slide is integrated with the microneedle to
enclose the microchannel groove in the microneedle. This is to ensure that sample would be
transported via capillary action. The contact pads on the electrode slide are connected to a single
in plane (SIP) surfboard with standard pitch between contacts. Figure 2.14 shows the packaging
mechanism.

Figure 2.14: Microneedle bonded with electrode layer and connected to an external surfboard

The microneedle can be used to extract the sample, which moves through the
microchannel owing to capillary force mechanism. It fills up the reservoir where the sample can
be tested when the microneedle is integrated with the sensor structure. Figure 2.15 shows the
setup for a test solution as it flows through the microneedle. Figure 2.16 provides the zoomed in
view.
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(d)

(a)

(b)

(e)

(f)

(c)

Figure 2.15: Sequence showing the sample flow through the microneedle, as a droplet of test solution fills up
the microchannel and the reservoir due to the microscale capillary phenomenon
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(a)

(e)

(b)

(f)

(c)

(g)

(d)

(h)

Figure 2.16: Closer view of the test solution traveling through the microchannel and filling up the reservoir
structure of the microneedle.
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2.3 Sensor Characterization
2.3.1 Sample Preparation
A. H2O2 Samples
30 % hydrogen peroxide solution in water was used as the stock solution. It is equivalent
to 8.82 M H2O2. Using equation 3, where N and V are concentration and volume of the solution;
the amount of 30% H2O2 to be diluted with de-ionized water corresponding to the required
concentration was derived.
N 1V1 = N 2V2

(3)

A series of samples with concentrations varying from 1µM-30mM were prepared.
Volume for each final sample was maintained at 300 ml with varying H2O2 concentrations.
These samples were tested in a dip-type setup where ceria coated working electrode came in
contact with the test solution. Testing was also performed with buffer solutions containing H2O2
from the stem, leaf and skin of tomato plant. These samples were not modified in any way and
direct measurements were taken using the sensor.

B. Free Chlorine Samples
Free residual chlorine sample solutions were prepared by diluting standard chlorine
solutions (Hach Company, USA). The 63.5 ppm standard solution was diluted using the deionized (DI) water to obtain samples in the 0.3-1.6 ppm range. This was done to simulate the free
chlorine concentration found in drinking tap water. Free chlorine is the sum of hypochlorous acid
(HOCl) and hypochlorite ions (OCl-). The ratio HOCl to OCl- is pH and temperature dependent.
As the pH increases, the fraction of hypochlorous acid decreases and the fraction of hypochlorite
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ions increases [47]. Since the sensor responds to OCl- ions alone, the operating pH was kept at 9
by adding appropriate amount of 0.1N NaOH. Free chlorine concentrations for each sample were
measured using HACH DR/4000 spectrophotometer (Hach). To ensure the
accuracy of the Hach measurements, DPD (N, N-diethyl-p-phenylenediamine) ferrous titrimetric
method was also performed.
2.3.2 Test Setup
Nanoceria is deposited on the working electrode as described. Since the Ce3+ ions present
in the nanocrystalline ceria are involved in a reaction with the hydroxyl free radicals thereby
allowing the conversion to Ce4+ state, electrochemical signal is an indication of the electron
transfer involved. Therefore amperometric test setup is required to obtain meaningful readings
from the sensor. For this purpose a potentiostat is interfaced with a PC that has the software to
acquire relevant data from the sensor. A dip-type arrangement is made to ensure that the sensor
is in contact with various test samples of differing hydrogen peroxide concentrations. Current
readings obtained from the sensor can be used to calibrate and obtain readings from unknown
H2O2 samples. Since, the hydrogen peroxide solutions are prepared using the standard protocol
described above; the sensor is tested against chemical measurement of hydrogen peroxide as
well. Figure 2.14 shows the test setup used to conduct the experimentation. Exactly same setup,
with the H2O2 sensor replaced with the free chlorine sensor is used to test free residual chlorine
as well.
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Figure 2.17: Schematic representation of the test setup used for the amperometric testing.
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CHAPTER THREE: RESULTS AND DISCUSSION
Two common electrochemical analysis techniques – cyclic volatmmetry and
potentiostatic polarization - were used to test the amperometric sensors.
3.1 Electroanalytical Techniques
3.1.1 Cyclic Voltammetry
Cyclic voltammetry is an electrolytic method that can be performed on microelectrodes in
an unstirred solution. This ensures that the measured current is limited by analyte diffusion at the
electrode surface. The electrode potential is ramped linearly to a more negative or positive
potential, and then ramped in reverse back to the starting voltage. The forward scan produces a
current peak for any analytes that can be reduced or oxidized through the range of the potential
scan. The current increases as the potential reaches the reduction or oxidation potential of the
analyte, but then falls off as the concentration of the analyte is depleted close to the electrode
surface. As the applied potential is reversed, it reaches a potential that will re-oxidize/re-reduce
the product formed in the first reduction reaction, and produces a current of reverse polarity from
the forward scan. This oxidation/reduction peak usually has a similar shape to the reduction
peak. The peak current, ip, is described by the Randles-Sevcik equation:
ip = (2.69x105) n3/2 A C D1/2 v1/2 (4)
where n is the number of moles of electrons transferred in the reaction, A is the area of the
electrode, C is the analyte concentration (in moles/cm3), D is the diffusion coefficient, and v (cm2/sec) is
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the scan rate of the applied potential [48]. Corresponding to the current peak, a working potential
is extracted.
3.1.2 Potentiostatic Polarization
Potentiostatic polarization technique allows for the controlled polarization of metal
surfaces in electrolytes of interest, in order to directly observe cathodic and anodic behaviors.
Polarization experiments are performed with a computer-controlled potentiostat. A constant or a
varying DC potential is applied to the metal of interest while it is immersed in the
electrolyte. The metal sample is referred to as the working electrode (WE). The reference
electrode (RE) is typically selected to be very stable under the selected test conditions, and is
used to monitor and maintain potential at the WE surface. Ionic current is passed through the
electrolyte between the counter electrode (CE) and the WE, and electron current is passed
between the CE and the WE through a low resistance connection provided and monitored by the
potentiostat [49].
3.2 H2O2 Detection
3.2.1 Cyclic Polarization
Cyclic voltammetry was performed on the H2O2 sensor. The potential at the working
electrode with respect to the reference was varied between –1 and 1 V. The Oxidation and
reduction limiting current peaks coincided. Based upon the location of the peaks a working
potential was obtained. For the microsensor, this potential was found to be 200 mV. Figure 3.1
shows the cyclic polarization curve for a standard 1mM H2O2 solution.
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Figure 3.1: Cyclic polarization curve for the H2O2 sensor when the WE potential was varied from –1 to +1V
with respect to the RE.

3.2.2 Potentiostatic Polarization
The working potential to be used for the potentiostatic polarization measurements was
determined through the cyclic voltammetry as described in the previous section. This reduction
potential of hydrogen peroxide once established was applied in testing various samples. Figure
3.2 shows a typical potentiostatic curve for a 0.1mM H2O2 concentration test sample. An initial
stabilization time of around 40 seconds is needed before the sensor response becomes constant.
Sensor response is constant within two minutes, once the test setup is in place. Observed current
is a direct function of the analyte (OH- ions). All the samples that were tested were prepared for a
known concentration. The stable current outputs from all the potentiostatic polarization
experiments were tabulated and plotted vis-à-vis the known sample concentrations.
Experimentation was performed for a wide range varying from 1µM- 30mM H2O2 solution.
Figure 3.3 shows the curve obtained for the current outputs corresponding to the samples tested
in the 1 µM to 30mM range.

35

250

Current (nA)

200
150
100
50
0
0

20

40

60

80

100

120

140

Tim e (Sec)

Figure 3.2: Sample potentiostatic run for a 0.1mM H2O2 sample.
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Figure 3.3: Sensor characterization with H2O2 range varying from 1µM-30mM.
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It can be seen that the sensor response is very linear, especially at low concentrations.
Lower detection limit of 1 µM could be achieved without any problem. The response was
repeatable and consistent.
3.2.3 Tomato Plant Extract Testing
The sensor was also tested with samples extracted directly from various parts of the
tomato plant. Three unknown samples labeled as A, B and C were tested. Also extracts from the
stem and leaf of the plant were used for measurement. Two sets of data were obtained for the
stem and leaf corresponding to healthy and Ultraviolet (UV) exposed conditions. Since UV
exposure increases the internal stress mechanisms in plants, an increase in the H2O2 production
was expected and observed, thus corroborating the sensor reliability. Figure 3.4 shows the cyclic
polarization curve for the stem and leaf samples. It was observed that the peak for the working
potential determination had shifted in the two sets. This could be due to presence of different
intra-cellular buffer solutions within the stem and leaf.
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Figure 3.4: Cyclic polarization curves to determine reduction potential for healthy (a) stem (600 mV) and (b)
leaf (350 mV) portions of the tomato plant.

Figure 3.5 shows the effect of UV radiation on H2O2 production, when the healthy stem
and leaf were exposed to radiation. It is observed that there is a distinct increase in the amount of
H2O2 detected. Detection of increased presence of H2O2 is consistent with the expected result.
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Figure 3.5: Difference in the output current for healthy and UV-exposed stem and leaf samples

3.3 Chlorine Detection
3.3.1 Cyclic Polarization
Cyclic polarization was performed between –1 and +1 V applied potential at the WE with
respect to RE. The sensor was dipped in a 1.6 ppm standard free chlorine solution. From the
measurement a working redox potential of 100 mV was obtained. Current peaks were distinct

Current (nA)

and symmetrical during the cyclic run as seen in figure 3.6.
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Figure 3.6: Cyclic polarization curve for the free chlorine detection microsensor. Potential was varied
between –1 to +1 V at the WE.
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3.3.2 Potentiostatic Polarization
The working potential of 100 mV obtained from the cyclic polarization was affixed as the
potential difference between the WE and RE. The current flow observed during the potentiostatic
measurements was in direct proportion with the free chlorine concentration (OCl- ions)
exclusively. A stability period of 100 seconds was needed before the sensor signal attains a
constant value. Figure 3.6 shows a typical sensor initialization curve with a 1.6 ppm chlorine
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Figure 3.7: Time variation of sensor output measured in a solution with 1.6 ppm chlorine.

Current outputs from all the experiments were tabulated and plotted against the sample
concentration as shown in figure 3.8. Using the calibration curve thus obtained the sensor was
also used to measure free chlorine in a tap water sample. Free chlorine concentration in the tap
water was measured to be in the 0.7 ppm range.

40

3128

Current (nA)

3126
3124
3122
3120
3118
TAP WATER

3116
3114
0

0.5

1

1.5

2

Concentration (ppm)
Figure 3.8: Sensor output as a function of free chlorine concentration.

The sensor shows linear operation in the test range of 0.3-1.6 ppm chlorine solutions. The
correlation factor, R2 is found to be 0.9803. This operational linearity can be used to correlate the
sensor output to the chemically determined values of free chlorine in water as described in the
test sample preparation section. Since the operational range of the developed microsensor is
close to the free chlorine concentrations allowed in drinking water treatment, the sensor is
suitable for the determination of free chlorine in drinking water.
3.4 Sensor Selectivity
Selectivity testing is particularly important to ensure the absence of false alarms in free
chlorine testing. Potassium iodide (KI) can produce fairly reactive ionic species that may
interfere with chlorine detection. To determine the selectivity of free chlorine sensor, the
interfering species, KI was added in a fixed 1.6 ppm free chlorine solution. Concentration of KI
was varied in the range of 0.3-1.6 ppm, so that it is present in amounts equivalent to the tested
sample range. The deviation in current response with the 1.6 ppm chlorine solution was
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recorded. As shown in figure 3.9, there was no significant deviation in the signal response

% Current Deviation

despite the presence of almost equivalent amounts of interfering ionic species.
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Figure 3.9: Interference effects on chlorine measurements [KI] is varied for a fixed [Cl] = 1.6 ppm.
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CHAPTER FOUR: CONCLUSION
4.1 Conclusion
In this work a set of 3-terminal amperometric sensors were designed, fabricated and
tested for H2O2 and free chlorine measurements. A novel nanomaterial was used for the H2O2
microsensor. The sensor was calibrated and tested in a wide range of 1 µM to 30 mM H2O2
solutions. The linear sensor response was obtained in this range. A fast settling time of 40
seconds was observed. The time for each individual round of testing was within 100 seconds.
Compared to prevalent enzyme based sensors, the sensor fabrication steps were simplified using
inorganic ceria nanoparticles. Micromachining techniques such as lithography, electroplating
and microdespensing of nanoceria particles were employed. Very low detection limit of up to
1µM was achieved. The sensor provided repeatable response for recursive testing. The sensor
was also tested with tomato plant extracts from various parts of the plant. The qualitative
response of increased H2O2 production owing to UV exposure to specific parts of the plant was
observed.
The residual free chlorine microsensor was fabricated as a plug type sensor, which can be
directly employed for online monitoring in water treatment plants. The sensor response was
calibrated with chemically predetermined free chlorine samples in the 0.3-1.6 ppm range. This
was chosen as the test range as it replicates the region of interest for free chlorine determination
in water treatment process. The sensor was also used to determine the amount of free chlorine in
an unknown tap water sample, and free chlorine concentration close to 0.7 ppm was determined.
The sensor showed attractive characteristics such as fast and linear response and low detection
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limits in the region of interest. The selectivity of the sensor was characterized. No interference in
sensor operation or performance was observed in the presence of similar ionic species (KI).
Both the sensors can also be easily integrated with a microneedle structure. The
microneedle was designed, fabricated and tested for the purpose of direct sample extraction and
collection.
4.2 Future Work
The next step in the evolution of these sensors would be to integrate them with the
fabricated microneedle structure. Possibility of using interdigitated electrode arrays and
simplifying the fabrication process even further by exploring other materials like platinum for
quasi reference electrodes could also be explored. Sensor selectivity of the H2O2 sensor can be
examined by testing hydrogen peroxide selective membranes like nafion and testing the sensor
with interfering species like ascorbic acid. Also an integrated device containing both set of
sensors and packaged to provide full portability is a direction to pursue.
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